Abstract-Wireless Communication technologies are in continuous evolution. Around the world, many Universities try to provide innovative laboratory courses to train their students in this field. In this paper, a ubiquitous laboratory course for wireless communications is described. The laboratory course has been designed so that the students have to complete six different experiments. Three of these experiments have been designed to use advanced professional network testing tools in order to provide practical experience in simulation tools. Two additional experiments have been implemented in order to provide hands-on measurements through the student's mobile device. This is a novelty and provides the students with an example of ubiquitous learning. Finally, in the last experiment, the students manufacture a WiFi antenna. The laboratory has been designed so that the students develop different practical skills in each experiment. This laboratory course facilitates applied learning and the consolidation of theoretical concepts.
INTRODUCTION
THE new context of the European Area for Higher Education [1] and the current social environment marked by new technologies imply that new Telecommunication Engineers must be trained not only in technical knowledge but also in the professional skills that they must use in their professional life [2] . The effectiveness of hands-on experience to produce meaningful learning has been clearly demonstrated, for example [3] , [4] , indicating the need to train university students in specific professional skills. Over the last few years the ABET engineering criteria [5] have served as a guideline to develop professional skills in order to achieve this. In Problem-Based Learning (PBL) [6] , [7] , students are confronted with an open-ended, ill-structured, authentic (real-world) problem, whereas PBL begins with an assignment that must lead to the production of a final producta design, a model, a device or a computer simulation. The former method is always active and collaborative and, typically, involves significant amounts of self-directed learning on the part of the students. For this reason, the learning methodology chosen in this laboratory-course is PBL.
Teaching wireless communications is usually oriented towards providing mainly a theoretical background for the students. A generic search through the academic plans of different universities in engineering reveals that lots of them provide laboratory courses in order to increase the effectiveness of the learning process.
We strongly believe that the efficacy of a course covering many theoretical topics can be increased through hands-on experiments as pointed out in [8] , [9] , [10] , [11] , [12] . Similar studies often appear in the literature emphasizing the importance of a laboratory environment for teaching [8] , [9] , [10] , [11] , [12] , moreover, in recent years there are several publications containing experiences that virtualize these laboratories courses [13] , [14] , [15] . These laboratories (e-learning) offer many advantages and some disadvantages compared to traditional engineering laboratories.
Analyzing some of the different communication laboratory courses around the world, it is possible to find different tools and methods focused on different aspects of wireless communications learning. In what follows, we provide an overview of them.
First, there are laboratory courses that use simulation software. These e-learning labs provide some advantages over conventional engineering laboratories. The simulation laboratory consists of a simplified version of a system. Although criticized for not incorporating enough real-life experiences, they have some advantages for the learning process. In this group, some university learning plans have been developed specifically for teaching with simulation tools. As a sub-group, it is possible to cite WiFiSiM from the University of Huelva (Spain) [16] and WeFiLab from the University of Hong Kong (Hong Kong) [17] and a very recent revision of this laboratory type can be found in [18] . Another type of simulation tools used by Universities is "OMNeTþþ", an extendible, modular, component-based Cþþ simulation library for building network simulators that is used at the Universities of Budapest (Hungary) [19] and Monash University, (Australia) [20] , among others. The last subgroup includes a great number of Universities that use communication tools developed on Matlab-Simulink in their laboratory courses, such as the John Hopkins University [21] . Whatever the sub-group, it is essential to take into account the software licenses available and whether these tools can be installed on the students' computer or if it is mandatory to use the software in the laboratory.
In a second group, there are laboratory courses that include some measuring tasks or the use of hands-on RF systems. For example, at Stanford University [22] , students learn to use spectrum and network analyzers combined with some simulation tools. In addition, some laboratory courses offer the possibility of designing and building different parts of a wireless system or network. For example, at Texas University (USA) [23] , the laboratory is based on LabVIEW and RF hardware. Spectrum and network analyzers, as well as other kinds of expensive equipment, have their advantages as reported in [22] , [23] but are not always available.
The laboratory course described in this paper is a ubiquitous laboratory that includes measurements, real experiments and the building up of some parts of the system at almost no cost. This laboratory implements a new measurement method based on the mobile device of the student and combines the advantages of ubiquitous learning with some of the advantages of a physical laboratory. That is, this laboratory has the advantages reported in [22] , [23] that provided the use of instrumentation combined with the advantages of learning anytime and anywhere. One of the strengths of this work is that we propose the use of mobile devices not only for the student to visualize the contents but also as a low cost, ubiquitous instrument of measurement as presented in the following section. This paper is organized as follows: Section 2 reviews ubiquitous learning, Section 3 describes the general features and the student learning outcomes (LOs). The six laboratory experiments are outlined in Section 4. The impact of the new laboratory regarding teaching and learning is provided in Section 5. Finally in Section 6, the conclusions are discussed.
iPod. Modern learners have increasing demands on their time and are often forced to study during their lunch breaks, in the evenings and at weekends; and to study at work or on the bus, train or in the car. The use of portable technologies makes it easier for learners to study when and where they want by making it simple for them to transport their learning materials. They also facilitate "just-in-time" learning where learners can often take advantage of unexpected free time since they frequently have their devices with them.
There have been many recent studies on m-learning [24] , [25] , [26] , [27] , [28] , [29] , [30] , [31] , [32] , [33] . A first group of studies analyze different ways to use mobile technology in learning [24] , [25] , [26] , [27] , [28] , [29] , in [27] , the differences between e-learning and m-learning are compared, with some positive differences in favor of the latter, in [28] , the use of mobile technology that enables the informal and semi-informal learning is analyzed. In [29] , the impact of m-learning in students and educators is analyzed. Another group of studies focus on specific characteristics such as size and weight of mobile devices in [30] or in [31] the effectiveness of using different devices to access information with an eye tracking is analyzed and in [32] the effectiveness of a text summarization tool for mobile devices is studied. Finally, a review, analysis and synthesis of 164 studies of m-learning in the last years is performed in [33] .
The concept of "context-aware ubiquitous learning" was introduced with the increase of different capabilities of the mobile device as: geospatial technologies, social networking and different camera uses (visual search or image capture) as explained in [27] and defined in [34] as "In a context-aware ubiquitous learning environment, single students are guided to learn in a really world situation with support or instructions from a computer system or using a mobile device to access the digital content via wireless communications", That is, in u-learning wireless technologies are used to interact with the real world. More studies can be found in [35] , [36] .
In order to recap, m-learning uses the device to listen to or watch an audio or video broadcast or reproduce digital content for learning. U-Learning also uses wireless technology to interact with the real world. In this experience the use of mobile devices goes one step further and the students learn using their own device as measurement tool, adding a degree of interaction with the mobile device that help to achieve a meaningful learning. In addition, the different capabilities of the device allow to create one "context aware ubiquitous learning environment" to interact with the real word and moreover these capabilities are used to learn the concepts about wireless network, that is, these mobile applications allow studying wireless network parameters in real time and in the real word in order to learn how wireless networks work
OBJECTIVES AND LEARNING OUTCOMES OF THE LABORATORY COURSE
For each of the six experiments that comprise the laboratorycourse, a theoretical section (with sessions of 2 hours) and a detailed instruction of the tasks to be done are provided, along with deliverables (slides of both parts are available online and a discussion forum is enabled in order to solve questions and doubts). The laboratory sessions are based on a ubiquitous learning methodology in which students can conduct the experiment at any time and any place, but lecturers have tutoring hours in which they are available to solve doubts face to face.
Pedagogical Scenario
The laboratory course duration was 15 weeks with 4 hours per week. The laboratory is organized with 50 percent of the time for theoretical sessions and 50 percent of the time for practical sessions. In order to prepare each experience a week of theoretical sessions where the theoretical basis and practical operation for experimentation were explained was scheduled. Experiments 3, 5 and 6 needed two weeks of practice and experiments 1, 2 and 4 just one week, that is, the experiences 3, 5 and 6 were performed in 8 hours and experiences 1, 2 and 4 should be completed within 4 hours. The experiences were scheduled in groups of two people preferably, but three people groups were allowed. To obtain the maximum qualification, the students had to defend the delivered report during an oral presentation.
As different types of experiences were created a higher interaction between different groups was promoted. For example, in the experiences of computer simulation (Practice 1, 2 and 3), students were quite autonomous and when doubts arose they addressed directly to the teacher in most of the cases. In addition, they were more experienced with this type of practice. However, in experiences 4 and 5 they had to perform them out of a classic learning context (This had to be done outside the classroom) and this leaded to an exchange of information between groups. For example, the students exchanged different types of information, from the apps that showed a better performance to the positions where they were finding the base stations or different Access Points in wireless networks. When the students start with this interchange of information a discussion is induced. This discussion usually results in a meaningful learning in any time and any place. The students are required to deliver a report of their work for each experiment within a fixed timetable. At the end of the term, a final mandatory exam evaluates their learning outcomes.
The laboratory, designed with wireless networks in mind, must be developed in a ubiquitous way. Therefore, the tool must be installable in the students' computer or device. The license of the required software must be available for free to the maximum number of students possible. The laboratory-course covers three different aspects of wireless networks: the first covers the planning and dimensioning of wireless networks, related to experiments 1, 2 and 3. The second implements experiments 4 and 5 and is related to the measurement of the physical propagation layer in a novel way through mobile applications. The last aspect is related to the design, building and testing of components. The manufacturing of a homemade WiFi antenna is the objective of this last experiment. The LOs and the tools utilized in each experiment are shown in Table 1 .
LABORATORY EXPERIMENTS
As mentioned, the laboratory is comprised of six different experiments. Experiments 1, 2 and 3 are related to the design of wireless networks, experiments 4 and 5 are related to network measurement and the last one is related to the implementation and building of WiFi antennas. All students have to submit a post-experiment report (10-15 pages) at the end of each experiment.
Experiment 1: Design of a WiFi Network (Part I)
The first experiment is designed to introduce the students to the use of professional simulation tools to design WiFi networks. The software tool chosen was RF3D WiFi Planner [37] because its demo-version is available for free and the interface is user-friendly. In order to design the WiFi networks, the students have to place all the different elements inside the building: the nodes (different nodes with different parameters are pre-charged) and the obstacles (e.g., beams, windows, bricks, concrete walls, etc.). The results of this simulation are also easily managed and are shown in relation to the signal-to-noise ratio (SNR) (dB), the received power (dBm), the data rate (Mbps) and the signal interference (dBm) are also provided.
Students are required to design a WiFi network which varies slightly each year to avoid plagiarism matters. For example one year, they are required to develop a network with eight Access Point (AP) with 300 Mbps of data rate and one different antenna at each AP. In order to make this network it is necessary implement standard 802.11n with a MIMO option, therefore if the students are able to design a network using this standard the teachers can consider the cognitive LO "Knowledge of different WiFi Standards" to be satisfied. Likewise, if the students are able to use eight different antennas in order to complete their design adequately, the cognitive LOs "Knowledge of different WiFi Antenna" and the psychomotor LO "Know how to use e different types of WiFi Antenna" have been achieved. Similarly, if the experiment report contains a WiFi network that was designed with the software RF3D WiFi Planner the teacher can consider that psychomotor LOs have been achieved. The assessment of LOs through the evaluation report is complemented by the final exam results. Thus the main objective of this first experiment is to permit the students to become familiar with simulation tools for wireless networks.
Experiment 2: Design of a WiFi Network (Part II)
Once the basics of design of WiFi networks have been practiced in experiment 1, in the second experiment the students have to design a full WiFi network for one or more of the University Campus buildings or another group of buildings of their own choice. They are required to design the networks in order to take into account different issues related to wireless networks, such as: security, cost, system definition (number of AP, data rates, standard, etc.), commercial equipment available and the applicable legislation (electromagnetic compatibility, public spectrum, etc.). In this case, the software tool chosen is Aerohive [38] , which is available online. The evaluation of LOs achieved in this experiment is through the report and is very similar to the evaluation of the LOs in experiment 1. For example, if the networks designed by students are able to adequately provide indoor/outdoor coverage, the teachers consider the cognitive LO "Know how to implement planning and optimization techniques in WiFi networks" to have been achieved, if the networks designed contain a detailed study of coverage and capacity, the psychomotor LOs "Know how to develop a capacity or coverage study of WiFi networks" has also been achieved.
Experiment 3: Design of a Mobile Network
With the experience of designing a WiFi network acquired previously, the students must design a small mobile network. They are free to choose one standard among the different possibilities (GSM, UMTS, WiMAX, etc.) offered by the online platform "Xirio online" [39] in order to carry out the experiment. Moreover, this platform has cartography available for a great number of countries. Although this system only allows the free simulation to be performed with low resolution, it covers the educational objectives adequately. Similarly to previous experiments the assessment of LOs achieved is through the evaluation report and the final exam mark. They must choose the best standard to implement the required mobile network, if they choose the right standard, they have achieved the cognitive LOs. A screenshot of this software tool is shown in Fig. 1 (This screenshot shows RSSI level simulated in our Campus").
Experiment 4: Measurement of a WiFi Network
The objective of this experiment is to measure and obtain the maximum information possible regarding a WiFi Network using the student's own mobile or tablet device. The students are required to present a full study of the WiFi networks available in the University Campus (one or two buildings) or any other location they choose. This full study must contain several maps with signal strength and data rates that explain the values obtained. They must use free mobile applications, such as "WiFi Scanner & Net Discovery" [40] or "WiFi Analyzer" [41] to obtain information, or "Speed Test" [42] to measure data rates, using their devices as the measuring equipment in both cases. Moreover, other applications for PCs, such as "Heat mapper" from Ekahau [43] , can be useful for developing coverage maps. The students achieve the psychomotor LOs "Use with mobile devices as measurement tools for WiFi networks" if they provide coverage maps of the WiFi network with correct signal strength values in the report. Some screenshots of these applications are shown in Fig. 2 .
Experiment 5: Measurement of Mobile Networks
After having measured WiFi networks, the students are required to measure and identify different mobile networks. The students must search for applications that allow their mobile devices to provide them as much information as possible regarding the mobile network. The applications most frequently used are "OpenSignal Maps" [44] , "GSM signal monitor" [45] and "G-Net Track" [46] , which are freely available in Google Play Store. These applications provide information about signal strength, direction of arrival and RSSI among other mobile network parameters. Moreover, some of these applications are capable of testing the data-rate of the networks and locating the different mobile stations on a map. Fig. 3 shows one screenshot of one mobile application. Once this information is available, the students should follow a route through the city identifying the different mobile phone networks available on their route. They must also think about the various phenomena associated with signal propagation. For instance, they must find the approximate point where the handover occurs (most of the time this point is not in the middle point between the users and the mobile stations because of the different radio propagation conditions). They are also asked to make a small sketch including the mobile network cells and the different mobile systems available along the route. With this experiment, the cognitive LOs "Understand concepts related to cellular telephony, such as roaming and handover" is achieved if the report contains examples of handovers produced on the student's device.
Experiment 6: Build an WiFi Antenna
The sixth experiment consists of making a homemade WiFi antenna. This antenna has to be connected to their laptops to improve system performance. The antenna prototypes must increase the number of wireless networks reached, as well as the quality of the signal received from those wireless networks. The antennas are developed using their own technology, so the students must look for more information on making antennas, as well as the theory and practice of manufacturing WiFi antennas. Moreover, in this experiment knowledge is gained through the process of problem solving. The different designs made by students are shown in Fig. 4 .
LABORATORY ASSESSMENT
This laboratory ran in the academic years 2011/2012 and 2012/ 2013 and is also running this academic year. This laboratory is part of the last year of studies in "Telematic engineering". The number of students ranges between 15-24 students per year. This section presents the project assessment in two different ways: the first approach discusses the LOs achieved by students, the second one shows the students' opinions.
Learning Outcomes Achieved
All students have to write a post-experiment report. The results of the evaluation of the post-experiment reports and the final exam are shown in Tables 2 and 3 . The final exam is divided into six different parts that correspond to the six different laboratory experiments. The report scores are higher than those achieved in the exam. In experiment 6, not all students built an antenna that improves the performance of the laptop's internal antenna in at least one of the evaluated aspects. However, there were two designs that improved performance in the first year and three in the second year.
The results of the final exam lead to the following conclusions:
-The results in both years are reasonably good.
-Post-Report 1, 4 and 5 have maximum scores. For the post-experiment 1, theses scores are probably due to the fact that the first experiment is easier compared with the other 5. For post-experiments 4 and 5, the explanation is probably that the students are highly motivated by the use of their own devices as a measurement tool. -Post-Report 6 has the worst mean scores and the highest standard deviation, this is due to the fact that some students were very interested in antenna design and tried to improve the design and therefore obtained high scores, however other student did not finish and received a low mark. -The questions related to experiment 1 (T1) have the best scores, this is due to the question related to experiment 1 is the basic part of question included in experiment 2 (T2).
Students' Opinion of the Project
This section provides the opinion of the students regarding the project expressed through an anonymous survey. The survey shows the degree of satisfaction with the projects, in each item there are several questions and Table 4 shows the mean values for all students and questions by item.
From the results of the survey, the following can be concluded: first, a good score in all items was achieved and second, the students valued the experience and the methodology used more than the acquired skills. Finally, the support of teachers during the project was evaluated very positively by the students in spite of the reduced number of face to face lessons.
CONCLUSIONS
The laboratory course described offers three main advantages in relation to the laboratories used by other universities: first, it provides ubiquitous context-aware learning environments, including physicals measures that address a weak point in ubiquitous learning; second, the material needed to implement the laboratory work is almost free; third, the students learn how to exploit the capabilities of their mobile devices. Moreover, a new technological use/ functionality of a mobile device is introduce, that is, to use the mobile device as a low cost measurement tool that allows students to learn about wireless networks, exploring the ubiquitous contextaware learning environments in an innovative way.
Moreover, the results of the final exam have improved, if compared to those in previous years. The good results on reports and the final exam demonstrates a high degree of achievement of curriculum goals. In addition, the students have developed skills such as "Research" and "Troubleshooting", both educational goals in higher education. Finally, the teachers believe that these learning experiences are quite encouraging, given the positive feedback obtained and the degree of satisfaction reflected in the student's survey. In relation to future upgrades, the online platform of experiment 3 has been upgraded with an Long Term Evolution (LTE) simulation tool and will be included in the experiment in the future. Response (0 to 10). Response (0 to 10).
